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1 Definition of the Topic

Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy probes directly
or indirectly the photoabsorption cross section of a system under study as a function
of the photon energy around the core—shell ionization thresholds. When the photon
energy matches the difference between the core level and an unoccupied valence
level, the photoabsorption cross section increases. The core levels are associated
with particular atoms within the system under the study; therefore, NEXAFS
spectroscopy appears to be a very sensitive probe of physicochemical and structural
properties of molecules and materials. It has been intensively applied to investigate
gaseous, liquid, and solid species. In this chapter, we describe methods to perform
gas-phase NEXAFS spectroscopy of large systems, such as nanoparticles, clusters,
and biopolymers, as well as of ionic species. We also review recent research findings.

2 Overview

The development of third-generation synchrotron radiation (SR) sources, providing
extremely bright and energy-resolved X-ray beams, established NEXAFS spectros-
copy as a powerful and widely used technique to investigate electronic and structural
properties of both organic and inorganic samples of increasing complexity. Partic-
ularly, gas-phase NEXAFS studies allow for an investigation of well-defined targets
prepared under desired conditions.

Unfortunately, gas-phase NEXAFS spectroscopy of large species such as bio-
polymers (e.g., proteins and DNA) and nanoparticles, as well as ionic species, is
experimentally very challenging due to great difficulties in both bringing large
molecules or particles intact into the gas phase and providing high-enough target
density, photon flux, and interaction time needed to distinguish K-shell excitation
processes. Only recently, the development of new experimental techniques has
allowed performing gas-phase NEXAFS of nanoparticles, biopolymers, and ionic
species.

Herein, we present the basic principles of NEXAFS spectroscopy and describe
the state-of-the-art experimental approaches that allow for NEXAFS spectroscopy of
large biopolymers and nanoparticles isolated in the gas phase. Finally, we present
some key research finding spanning from relatively small biomolecules to large
biopolymers and nanoparticles.

3 Introduction

NEXAFS spectroscopy has been used to study systems of increasing complexity,
from small isolated molecules to large biological objects and materials; and it has
been successfully applied to gaseous, liquid, thin-layer, nanoscopic, and solid
targets. There is a substantial literature on the subject, from comprehensive
graduate-level textbooks presenting both the fundamental principles and the
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applications of NEXAFS spectroscopy (e.g., [1]) to more specialized reviews that
deal with, for example, the application of the technique in studying thin organic films
and liquids [2] or DNA components [3]. Herein, the focus is on recently developed
NEXAFS action spectroscopy of ionic targets as well as large species such as
nanoparticles and biopolymers isolated in vacuo.

The strength of inner-shell spectroscopic techniques is based on the excitation of
core-level electrons providing a highly localized nature of the triggering process and,
thus, sensitive and selective probe of the electronic, chemical, and structural prop-
erties of the system [4]. With this aim, NEXAFS spectroscopy of thin molecular
films has been used in recent years to investigate properties of large biologically
important molecules, such as proteins, for example [5—9]. However, spectroscopic
study of solid or aqueous samples may be limited in cases where intrinsic electronic
and structural information is to be measured without interferences from the environ-
ment. Moreover, condensed matter samples may suffer severe radiation damage
from the energetic X-ray radiation, which, in turn, may affect the results (see [10]
and references therein). Gas-phase spectroscopy, on the other hand, allows studying
isolated system in vacuo under well-defined conditions. Furthermore, a constant
sample renewal practically prevents any radiation damage effects. Nevertheless, the
crucial issue here is the kind of objects that can be transferred and isolated in vacuo
with a high-enough density for inner-shell spectroscopy to be efficiently conducted.

There are tremendous amounts of results from gas-phase NEXAFS spectroscopy,
which has been routinely performed on relatively small targets that can be easily
brought into the gas phase. This incredible rise of the X-ray-based spectroscopy is
dominantly due to the increasing number of new-generation bright SR sources.
However, gas-phase X-ray spectroscopy of large targets has been reported only
recently, after development of modern methods allowing for bringing such large
species into the gas phase. For example, one way to obtain an intact protein in the gas
phase and to submit it to X-rays is to use the electrospray ionization (ESI) [11],
where protonated or deprotonated protein ions are extracted into the gas phase
directly from the solution. Nevertheless, since the ionic target density is too low to
measure the photon beam attenuation, NEXAFS spectroscopy must be performed as
an action spectroscopy, by indirectly recording processes resulting from the X-ray
absorption. A very efficient action spectroscopy is based on tandem mass spectrom-
etry (MS?). With the advent of modern ionization techniques, MS? has become one
of the most powerful tools to probe the structure of biopolymers [12]. In MS? a
desired ionic compound is isolated, activated, and mass analyzed. NEXAFS MS? s,
therefore, based on recording the tandem mass spectra produced upon photon
activation of the precursor ions, as a function of the photon energy scanned around
the core ionization edge. Figure 8.1 schematically presents soft X-ray absorption
processes, leading to the formation of a core hole triggering either resonant or normal
Auger decays and resulting in ejection of Auger electrons and ionization of the
precursor, which, finally, can be detected by mass spectrometry (see Sect. 4.2.4 for
more details).

The principles of SR sources are described in Sect. 4.1. The common spectro-
scopic techniques are presented and shortly described in Sect. 4.2. The sources of
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Fig. 8.1 Schematic representation of the X-ray K-shell excitation/ionization of a multiply proton-
ated protein ion, followed by Auger decays and production of ionized cations that are detected in the
experiment (Adopted from Milosavljevi¢ et al. [13])

gas-phase targets are described in Sect. 4.3. Typical experimental setups for coupling
the sources of large gas-phase targets with the synchrotron X-ray beam are the
subject of Sect. 4. Finally, key research findings are reviewed in Sect. 5.

4 Experimental and Instrumental Methodology
4.1 X-Ray Sources

4.1.1 Synchrotron Radiation Facilities

There are many different ways to produce X-ray photons, from laboratory X-ray
tubes to the latest generation of synchrotron radiation storage rings and free-electron
lasers. In this chapter, we will concentrate on accelerator-based sources. Synchrotron
radiation (SR) is an electromagnetic radiation produced by the acceleration of
charged particles of relativistic velocities. SR is intimately connected to a high-
energy particle accelerator. Indeed, SR is the main mechanism of energy lost by the
accelerated particles, due to photon emissions all along their trajectories. Ivanenko
and Pommeranchuck in 1944 [14] and independently Schwinger in 1946 [15, 16]
have reported the theory of SR for circular particle accelerators. SR has been
observed for the first time in 1946 at the General Electric synchrotron in the United
States. However, due to the complexity of the accelerator technologies and also to
the dedication of these machines primarily to high-energy physics, it was only in the
1960s that SR was used for the first time for spectroscopic studies [17-20]. There-
after, storage rings started to be progressively dedicated to SR studies, and due to the
specific properties of SR light, synchrotron facilities have become one of the most
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useful sources of spectroscopic studies in the twentieth century. Kuntz et al. [21] give
a good overview of the early stages of SR development but also the basis of
synchrotron radiation theory. The important properties of SR are:

1. A wide wavelength coverage, from THz to hard X-rays. Moreover, with the
advent of the third-generation installations (see below), SR radiation can be
optimized over a given energy range (vacuum ultraviolet, soft X-rays, hard
X-rays).

2. A high brilliance, due to the high collimation of the emitted radiation.

. The time structure of the pulsed light.

4. An adjustable polarization, from classic linear polarization with the electric vector
parallel to the orbit plan (classic bend magnet radiation) to various polarizations
including circular or elliptical (by using an insertion device such as an undulator;
see below).

w

Figure 8.2 depicts a typical third-generation synchrotron storage ring, such as
SOLEIL, the latest French synchrotron facility. The electron bunches are created by
an electron gun and then first accelerated in the LINAC (linear accelerator) up to
100 MeV. Then, they are brought to the nominal energy of the storage ring in the
booster ring (2.75 GeV, in the case of SOLEIL). When they reach this final energy,
they are injected into the storage ring, which is composed of a succession of straight
sections connected by bending magnets. Compared to second-generation installa-
tions, which use exclusively the bending magnets to produce SR radiation, the third
generations use magnetic insertion devices such as undulators or wigglers [22-24],
made with a periodic structure of dipole magnets. In this case, the electron bunches
experience a periodic magnetic field that radially accelerates them several times,
giving them an oscillatory trajectory and thus producing SR. This radiation is orders
of magnitudes higher than the one produced by a standard bending magnet. More-
over, by adjusting the design parameters of the insertion device, the emission can be
optimized in a narrower region around the photon energy of interest [25]. As an
example, a brilliance of 10'° photons/s 0.1 % bw mm? mrad?® can be achieved in the
soft X-ray regime, thanks to insertion devices, such as the Apple II. These kinds of
photon fluxes have made possible new studies on low-density samples under
vacuum by different spectroscopic techniques and will be discussed below.

With the forthcoming generation of storage rings, the ultimate storage ring light
sources [26], the diffraction limit of the machine electron optics should be achieved.
With the decrease in the horizontal emittances thus reached, an additional gain of
several orders of magnitude in brilliance is expected compared to existing light
sources, and therefore new studies on gas-phase isolated biomolecules, clusters, and
nanoparticles, which are particularly photon demanding, should be boosted. In
particular, pump—probe experiments involving optical lasers would be facilitated.

In parallel with the development of synchrotron light sources, another type of
installation based on the same technology is developing. Free-electron laser (FEL)
sources use a linear accelerator followed by one or more undulators in series, in
which the electron bunches are dumped after they emit their SR pulse. Initially used
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Fig. 8.2 Schematic drawing of a third-generation synchrotron machine (SOLEIL synchrotron,
France)

in the IR or in the VUV and EUV ranges, in the last decade, the X-ray FELs made
available high-intensity femtosecond X-ray pulses of coherent SR to the user’s
community. The brilliance of FELs are orders of magnitudes higher than existing
or future storage rings. As an example, the LCLS installation is capable of reaching
an average brilliance of 10%* photon/s 0.1 % bw mm?® mrad®. These X-ray pulses are:

» Ultra-intense

* Coherent

 Ultrashort

» Having a high spatial resolution

These properties have made possible single-shot diffraction experiments of labile
objects such as biomolecules or membrane proteins [27, 28] but also of nanoscale
objects such as viruses [29-31] or soot particles [32]. The possibility of coupling
diffraction techniques (structural information) with spectroscopic or spectrometric
techniques is very promising.

4.1.2 Soft X-Ray Beamlines

SR, after being emitted by an undulator or a bending magnet, is collected tangen-
tially to the storage ring into a beamline, which comprises a set of optical and
mechanical devices used to transport, select the photon energy, and focalize the
monochromatic light to the desired area in the experimental chamber. The
new-generation synchrotrons can host more than 20 beamlines, each one specializ-
ing in specific scientific fields. We will concentrate in this chapter only on the soft
X-ray beamlines opened to users and that are specialized in dilute matter studies.
Presently, there are 16 soft X-ray beamlines of this type around the world. With the
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later-generation beamlines, the synchrotron beam can be focused into a spot with
dimensions of around a few hundred micrometers; even focusing to a few tens of
micrometers can now be easily achieved. Also, the geometric dimensions of these
synchrotron beams at the focal point are now matching the dimension of nanopar-
ticle beams (few hundreds of micrometers) or even liquid microjet beams (tens of
micrometers). Moreover, the brilliance on the sample can reach 10'* photon/s mm?
0.1 % bw mrad®. The resolving powers of the photon beam have also increased.
Nowadays, a beamline designed for high resolution can reach a maximum resolving
power of 100 000.

4.2 General Techniques

4.2.1 X-Ray Absorption Spectroscopy

NEXAFS spectroscopy is a commonly used technique in gas phase or surface
science experiments [1]. A core electron is excited to an unoccupied molecular
orbital or to the continuum, and then a de-excitation occurs, via Auger decay or
fluorescence, to fill the core hole created. In the soft X-ray regime and with low
Z-elements, the fluorescent channel remains weak. Usually in NEXAFS spectros-
copy, spectra exhibit ©* or o* resonances when the energy difference between the
core level and one unoccupied molecular orbital equals the photon energy. Addi-
tionally, Rydberg series converging toward the K-edge ionization threshold may also
be observed for isolated species. Thus, information about the electronic structure
may be obtained from such experiments. Moreover, with NEXAFS spectroscopy,
specific bonds such as C—C, C=C, C=0, etc., can be identified. It is important to
note that the position of the o* resonances compared to the absorption onset has been
related to the bond length [33-35]. The simplest way to measure NEXAFS spectra is
to record total ion or electron yields as a function of the photon energy. A basic setup
consists of two polarizable grids that attract the cations (or the electrons, depending
on the chosen mode), a multichannel plate chevron stack, and a 50 Q adapted full
metal anode.

The absorption of a photon just below or just above the core ionization threshold
promotes a molecule to an energetic core-excited state that dominantly relaxes via
Auger decay [10, 36, 37]. Below the threshold, the core electron is promoted to an
unoccupied molecular orbital, triggering the resonant Auger decay or an X-ray
fluorescence process [37], leading mostly to a single-ionization process (an Auger
electron emission) [10] but also a multiple ionization. When the photon energy is
above the core ionization threshold, the core electron is ejected directly into the
ionization continuum, and the system may relax via a normal Auger decay, produc-
ing a multiply charged ion (emission of both a core ejected and Auger electron(s)). In
all cases, X-ray absorption produces ionized species that can be detected by means of
mass spectrometry methods (see Fig. 8.3). Fine-tuning of the photon energy over the
resonant excitation energies and the core ionization threshold may result in a drastic
change in the fragment ion yields, since the intensive ionization/fragmentation is
actually triggered by the resonant photon absorption or the ionization.
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Fig. 8.3 Schematic representation of the experimental setup used for the partial-ion-yield mea-
surements (Reprinted from Guillemin et al. [38]. © IOP Publishing. Reproduced with permission.
All rights reserved)

In the case of relatively small gaseous molecules, X-ray absorption generally
leads to an intensive fragmentation of the target. Therefore, the results represent
partial-ion-yield curves of selected fragments, possessing rich spectroscopic struc-
ture below the ionization threshold corresponding to the excitation energies of the
target molecule. Also, doubly charged fragment ions have increased yield above the
ionization threshold. The application of X-ray absorption mass spectrometry has
been limited until recently only to relatively small molecules, owing to difficulties to
place in gas-phase large species such as neutral biomolecules (see the Introduction
and the following section about sources of gas-phase targets).

4.2.2 X-Ray Photoemission Spectroscopy

With NEXAFS spectroscopy, there is no analysis of the kinetic energy (E;,) of the
electron detected. Indeed, the absorption cross section is a sum over all the electrons
ejected belonging to shells with a binding energy (Egp) lower than or equal to the
photon energy (Eppoton)- In photoemission experiments, the kinetic energy of the
electron is analyzed. The relation between the kinetic energy (Ek;,) of the emitted
electron and the binding energy (Egp) is given by Eq. 8.1:
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Ekin = Ephoton — EBD (8.1

Various kinds of spectrometers have been developed in order to analyze the kinetic
energy of the emitted electrons [39, 40]. Either the time of flight of the electron is
measured and its correspondent kinetic energy is calculated or energy-dispersive
elements (electrodes) are used to deflect the electrons according to their kinetic
energy. In this last case, an electron lens system is needed to collect, transport, and
focus the photoelectrons on the entrance slit of the analyzer. Information on the
electronic structure of matter can be obtained through measurement of the electron
binding energies and their chemical shifts [41]. Atoms and molecules [42, 43],
clusters [44-50] or nanoparticles, and bulk material [S1-56] are investigated with
this technique. As shown by Eq. 8.1, for a given electronic state, increasing the
energy of the incoming photon will increase the kinetic energy of the emitted
electron. Moreover, according to the universal inelastic mean free path curve of an
electron, the surface sensitivity can be tuned. This is an important point, as it
explains the extreme surface sensitivity of nanoparticle studies in the soft X-ray
regime (see Sect. 5.3).

4.2.3 Coincident Measurements

Compared to conventional electron spectroscopy, an electron—clectron or
electron—ion coincidence measurement is always much more powerful in providing
a direct view of the interaction processes [57—62]. Different experimental setups are
used with soft X-ray synchrotron radiation [60, 63—65]. One of the key points in such
a measurement requires that both electrons and ions are collected and detected as
efficiently as possible, hence to maximize coincidence efficiency. Fragmentation of
gas-phase molecules [62] or small biomolecules (see Sect. 4.1), clusters [66, 67],
condensed matter [68—71], and nanoparticles [52] has been investigated with this
technique.

4.2.4 X-Ray Action Spectroscopy of Trapped lons
Recently, the use of ion-trapping devices has attracted a growing interest, as it allows
performing mass and charge-selected spectroscopy [72]. These experiments are
sequential in nature. Ions of interest are generated in a variety of ion sources
(described in Sect. 4.3.3), which may be pulsed (such as laser desorption) or
continuous (such as electrospray ionization). The ions are then selected and stored
in an appropriate ion trap. When the storage capacity of the trap is reached, X-ray
beam from a beamline is admitted to the trap and irradiates the ions for a controlled
amount of time. After the interactions, the ion trap is emptied, and its content
analyzed. The whole sequence is described in Fig. 8.4.

The steps described in Fig. 8.4 may be repeated several times until satisfactory
statistic is reached before the photon energy is changed and the cycle is reiterated.

The ion spectroscopy experiments belong to the class of action spectroscopy, in
which specific photophysical or photochemical reaction giving a detectable product
ion is used to derive partial yields over the photon energy range of interest [10, 73,
74] (see Fig. 8.5). Thus, monitoring each particular process as a function of the
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photon energy offers the possibility to selectively study molecular core-level pro-
cesses. Nevertheless, great care should be taken to avoid sequential two-photon
reactions, in which photoproducts absorb a photon and react. Usually, the yields of
photoproducts are maintained low enough for these sequential reactions to be
negligible. When the photon energy is scanned over the K-edges, in analogy with
NEXAFS spectroscopy, the technique has been referred to by a group as near-edge
X-ray absorption mass spectrometry (NEXAMS) [73].

4.3 Sources of Gas-Phase Targets and Their Coupling
with X-Ray Beam

4.3.1 Neutral Molecules

Relatively small molecules and biomolecules, existing as liquids or solids at room
temperature and possessing low vapor pressure, are commonly vaporized into the
gas phase and introduced into the vacuum conditions using ovens. The design of the
oven must ensure, on the one hand, an increased vapor pressure needed to produce a
satisfactory high intensity of the molecular beam, and on the other hand, it must
prevent overheating and thermal decomposition of the molecules. In the case of
crossed-beam experiments, the oven design also needs to ensure the formation of a
geometrically well-defined target molecular beam. More details about the design of
the ovens can be found in a number of previous publications and books (e.g., see [75]
and references therein).

Experiments using ovens should be carefully performed when thermally fragile
targets are investigated, such as some amino acids or oligosaccharides, for example.
Still, with a fine regulation of the temperature, this approach may have some
advantages over other soft-evaporation techniques. For example, Touboul
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Fig. 8.5 Schematic representation of the near-edge X-ray absorption tandem mass spectrometry
experimental method using a linear ion trap fitted with an ESI source (Reprinted with permission
from Milosavljevi¢ et al., The Journal of Physical Chemistry Letters (2012) 3, 1191 [10]. Copyright
(2012) American Chemical Society)

et al. [76] have recently investigated VUV photoionization of gas-phase amino acids
adenine and cytosine. In this work, the authors have compared two different tech-
niques to obtain intact gas-phase amino acids, namely, a temperature-controlled oven
placed under vacuum and an aerosol setup coupled to a thermodesorber module (see
section “Aerosol Technique Used for Neutral Biomolecule Production”). They
concluded that although the aerosol thermodesorption allowed for lower sample
consumption while still providing a satisfactory sensitivity, it resulted on relatively
lower overall experimental energy resolution in comparison with the oven vapori-
zation followed by beam expansion, due to the higher internal energy deposited on
the neutral target molecules. It should be noted, however, that the same authors [76]
suggested that the aerosol thermodesorption technique could be improved and be
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more suitable for large and thermolabile neutral biological compounds (nucleotides,
oligopeptides, polysaccharides, etc.).

4.3.2 Nanoparticles and Large/Fragile Neutral Biomolecules
and Clusters

Laser Ablation

One way to isolate nanoparticles or clusters is to produce them directly under the
vacuum. For example, a pulsed laser may be focused on a rotating target sample
comprising a rod or disk of the material under study, which is placed in front of a
molecular beam nozzle where a carrier gas is expanding [77]. This expansion is
either free or confined in a channel (from a few millimeters in diameter to over a
centimeter long) in order to reach a higher average of the cluster size distribution.
Nanoparticles with a diameter of a few nanometers can be generated. The beam is
then skimmed before entering the spectrometer chamber. However, to obtain suffi-
cient energy per pulse, mostly nanosecond or picosecond low repetition rate lasers
(from 10 to 1000 Hz) are used. The very unfavorable duty cycle (the SR is usually
pulsed around few hundred of MHz) may account for small number of studies using
this technique with SR [78].

Aerosol Techniques
There are different kinds of nanoparticle generators (atomizers, vibrating orifices,
etc.), each one with their specificity and optimized for a certain type of nanoparticle.
Some are able to disperse directly nanoparticle powders, while others produce liquid
droplets containing nanoparticles, such as those developed to study aerosols.
Usually, the nanoparticle sample is diluted in water or alcoholic solution. The
solution is sprayed at the atmospheric pressure via an atomizer into small droplets,
which contain the nanoparticles. The atomization is based on the Venturi effect,
where a high-velocity gas (usually air with a pressure of 1-2 bar expanding through a
diaphragm of few hundred microns) sucks the solution through a capillary placed
orthogonally to the gas flow. The liquid is then transformed into small droplets under
the action of the high-velocity jet. This generator is well suited to nanoparticles with
a diameter of 10-2000 nm. Densities of particles from 10° up to 10® particles/cm’
can be reached. It is the most commonly used method in synchrotron studies owing
to its continuous mode of generation, but also because constant particle size distri-
bution is generated. One drawback is the relatively high quantity of nanoparticles
needed for an experiment. Indeed, concentrations around 1 g/L are usually required,
which prevent from using of nanoparticles that cannot be produced in high quantity
or those with a high cost. To remove the solvent, the aerosols pass through diffusion
dryers, made of a stainless steel mesh tube surrounded by silica gels. After solvent
removal, the dried nanoparticle beam is sent to the aerodynamic lens (see sec-
tion “Aerosol Technique Used for Neutral Biomolecule Production”, Fig. 8.6) to
be focused under vacuum. The aerosol distribution exiting an atomizer is polydis-
perse in size.
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Fig. 8.6 Top: schematic drawing of an aerodynamic lens to focus a nanoparticle beam under
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picture of the easily interchangeable apertures and spacers that allow quick switching between
different lens geometries

For smaller-sized nanoparticles, from 2 to 100 nm, an electrospray source (see
section “Aerosol Technique Used for Neutral Biomolecule Production”) followed by
an ionizer (radioactive source or X-ray lamp) can be used. In this case the suspension
of nanoparticles with a buffer is pushed through a capillary. The electric field applied
to the capillary tip creates a Taylor cone producing small droplets. A sheath flow of
CO; and air transports the droplets to a chamber, where their high number of charges
created by electrospray ionization will be reduced by the ionizer source. The sheath
flow participates also in the evaporation of the solvent. At the end, a very narrow size
distribution of nanoparticles (almost monodispersed) can be reached, with a density
of up to 107 particles/em®. The liquid consumption compares favorably to that
required for an atomizer source. However, this type of source has not been used
often in a synchrotron facility. This is probably because only a 2'°Po ionization
source was available when those experiments started, which leads to difficulties due
to nuclear safety regulations. This problem was recently solved by the possibility of
using an X-ray lamp as an ionizer. However, as will be discussed in section “Aerosol
Technique Used for Neutral Biomolecule Production”, the difficulty of focusing
under vacuum nanoparticles with a diameter smaller than 30 nm represents a major
limitation in the use of the electrospray as a conventional nanoparticle source for soft
X-ray synchrotron studies.
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Aerosol Technique Used for Neutral Biomolecule Production

Kevin et al. [80] demonstrated for the first time that an aerosol technique could be
used to produce under vacuum fragile neutral biomolecules in order to be studied by
SR. The biomolecule is simply dissolved into a solution (1.5 g/L), which is sprayed
with an atomizer. After passing through the diffusion dryer, the aerosol of
bio-nanoparticle has a size distribution centered on 280 nm. After being focused
under vacuum by an aerodynamic lens (Fig. 8.6), the nanoparticle beam impacts a
hot tip placed a few millimeters from the synchrotron beam, in the spectrometer
chamber. The hot tip is usually a rod of a few millimeters in diameter and made from
copper or porous tungsten (for better efficiency of vaporization). A proportional—in-
tegral-derivative controller drives a heater cartridge to adjust and stabilize the
temperature. The bio-nanoparticles, impacting the hot tip, are flash vaporized and
create an almost continuous plume of neutral, intact biomolecules, if the temperature
of the hot tip is properly chosen. Peptides, polypeptides (such as gramicidin), fragile
organic molecules, and beta-carotene have been produced [76, 80—83]. One draw-
back of this technique is the perturbation induced by the hot tip on the pulsed high-
voltage fields applied to the mass spectrometers to extract the photoions, inducing a
loss in its resolution. If only mass spectrometry is required, decoupling the position
of the ion created by the SR and the ion’s mass spectrometer acceleration region has
solved this problem [84]. Flash vaporization of bio-nanoparticles has been used only
with VUV SR as an ionization source. An attempt to use this technique with the soft
X-ray photon was tried at PLEIADES beamline (see Fig. 8.7). A reflectron time-of-
flight spectrometer was used to detect any ions coming from the ionization of the
neutral parent molecule. If it was still possible to detect ion signals for photon energy
up to 100 eV (corresponding to the maximum photon flux of the beamline),
measurements around the different K-edges were not successful. This is probably
due to the difference in ionization cross sections between valence electrons and core
electrons. Also, it seems that the density of neutral molecules created by this
technique is insufficient to be able to run experiments that include electron spec-
troscopy or coincidence measurement.

Coupling Nanoparticle Sources to X-Ray Beam
The development, by McMurry and coworkers [85-88], of aerodynamic lens sys-
tems built from a succession of orifices with decreasing diameters along the stream
flow marked an important milestone in the possibility of focusing particles under
vacuum. Indeed, the submillimeter-sized particle beams created this way are intense,
due to the high transmission efficiency of the lens over a wide range of NP diameters
(30-1000 nm), and collimated, which make them particularly compatible with under
vacuum diagnostic techniques such as mass spectrometry or photoelectron
spectroscopy.

In brief, an aerosol source (see Sect. 4.3.2) transfers into gas phase, from the
atmospheric pressure, NPs mixed with a carrier gas (air, N,, He, Ar, etc.). After
passing through a diffusion dryer, the aerosol obtained is directed by a split flow
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device into three different flows: one going to the aerodynamic lens system, one to a
granulometry analyzer for characterization of the nanoparticles’ concentration and
size distribution, and one toward a gas exhaust line to equilibrate the gas flow. The
gas—particle mixture enters the aerodynamic lens via the critical orifice (or chocked
inlet orifice), a calibrated hole of around 200 pm, followed by a relaxation chamber.
Its role is to fix the mass flow rate into the system and to reduce the ambient pressure
to the operating pressure of the lens system. Focusing is accomplished by successive
compression and expansion of a carrier gas through the series of coaxial orifices (thin
plates) with different diameters (in the millimeter range). The NPs are progressively
separated from the gas streamlines, due to the inertia principle, and focused along the
lens symmetry axis. After exiting the accelerating nozzle of the lens into a differen-
tially pumped chamber, the collimated nanoparticle beam passes through a skimmer
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to reach the interaction region inside the spectrometer chamber. The skimmer, in
this case, does not skim the nanoparticle beam, but has a role of limitation of
conductance to assure that the pressure in the spectrometer does not exceed
10> mbar. The nanoparticle beam, focused with the aerodynamic lens, provides a
continuously renewed sample. Charging effects, or degradation of the sample via
interaction with energetic radiation, cannot happen in this case. Figure 8.6 shows a
principle drawing of a typical aerodynamic lens arrangement and a dismounted lens
from [79].

The aerodynamic lens is able to focus nanoparticles into a beam of diameters
< 500 pm (FWHM). The beam is also highly collimated (sometimes less than
1 mrad). Different types of aerodynamic lenses exist, which have been experimen-
tally [86, 87, 89-92] or theoretically [85, 88, 93-95] characterized. Theoretical
simulations are complex and therefore are mainly limited to spherical nanoparticles,
quite often far from the real object under study, considering, for example, soot or
agglomerated particles. One important parameter is the Stokes number, which
describes a particle’s behavior in fluid flow when they are meeting an obstacle,
such as the element of an aerodynamic lens. This dimensionless number is a ratio
between the characteristic of the particle and the characteristic of the obstacle. It can
be express as the ratio between the kinetic energy of the nanoparticle and the
dissipated energy due to the friction forces with the fluid. If the Stokes number is
equal to zero, the particles will follow perfectly the fluid flow, but if the Stokes
number is much bigger than one, the particles are not influenced by the fluid flow and
they can impact either the diaphragm or the inner part of the lens and be lost. In
reference [85], different trajectories of an identical set of particles are presented, but
with different Stokes numbers. The best focalization is achieved with a Stokes
number equal to one. In order to test new geometries of lenses, Wang and McMurry
developed an “aerodynamic lens calculator” simulation software, where the geom-
etry of the lens can be defined, as well as the different conditions of operation (carrier
gas properties, nanoparticle properties, and lens conditions) [91].

Each set of orifices with different diameters will be able to focus different sizes of
particles. Ideally, by stacking a sufficient number of orifices, an aerodynamic lens
should be able to focus a wide range of nanoparticles. The lens geometries cited
above are able to focus and have transmission efficiencies close to 100 % for
particles with diameters above 30 nm. Below 30 nm, the Brownian motion of the
nanoparticles starts to play a non-negligible role and tends to defocus the beam
inside the lens, but also after the nozzle, which degrades the density and collimation
of the created beam. Being able to create an intense beam of nanoparticles with a
diameter below 10 nm is of crucial importance, since size and quantum effects start
to be present only in particles close to nanometer size [52, 96]. It is important to note
that most of the first calculations on a particle’s trajectories inside the acrodynamic
lens did not take into account diffusion effects [85, 86, 88]; this has been corrected
by newest studies [94, 95, 97]. However, it is possible to find lenses that have been
designed especially for focusing particles to below 30 nm [93, 98—100]. Another
approach, concerning charged nanoparticles, is to use the radio-frequency ions guide
technique to store and concentrate the nanoparticle at the SR interaction region
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before their analysis. Various kinds of nanoparticles have been studied with this
technique, which is more complex than a simple aecrodynamic lens but does not have
a size limitation [101-104]. Also, different synchrotron radiation-based experimen-
tal setups with an aerodynamic lens system can be found [52, 79, 82, 84, 105].

4.3.3 lonic Species

Today, the variety of ion sources available is very important, with new developments
appearing regularly and giving easier access to new classes of molecules. A typical
ion source comprises a desorption/desolvation method to place the species of interest
in the gas phase, and an ionization means to produce charged species. It is, however,
possible to categorize ion sources into two main classes: atmospheric pressure
ionization (API) sources and vacuum sources.

Sources functioning under reduced pressure include electron impact ionization of
vapor gas phase, as used by Thissen and coworkers [106]. This method, which may
be either pulsed or continuous, is applicable to gases and to sample with a sufficient
vapor pressure. Electron beam ion trap (EBIT) sources create highly charged ions at
rest by passing high current density electrons into drift tubes in which ions are
confined by magnetic and electrical fields [107]. An EBIT source has been used by
Epp and coworkers to perform soft X-ray spectroscopy on trapped highly charged
ions [108]. Lau and coworkers have used magnetron sputtering by argon atoms of
targeted metallic species to produce intense beams of neutral and ions
[109]. Gas-phase aggregation is achieved in a volume cooled by liquid nitrogen
and leads to an abundant cluster production. Owing to the relatively high flow of
gases, the source has to be vigorously differentially pumped by high-capacity
turbomolecular pumps. Laser vaporization has also been successfully used to pro-
duce intense cluster ion beams [110] suitable for spectroscopy at FLASH [50].

API sources are newcomers in this field and are based on the generation of ions at
atmospheric pressure prior to their introduction into the vacuum through an orifice or
a capillary differentially pumped. These ion sources have been successfully used by
Giuliani and coworkers [72] and by Schlathélter and coworkers [73, 111]. Both of
these groups have taken profit from the capabilities of electrospray ionization (ESI)
to place in the gas-phase variety of molecules and clusters [112]. The mechanism of
ESI has been a subject of considerable study [11, 113]. In ESI, a solution containing
a molecule of interest at concentrations of 10~ to 10~¢ mol/L is pushed through a
stainless steel needle at flow rates typically in the 1-20 pL/min. The needle is
polarized at 3—5 kV with respect to the sampling orifice of the mass spectrometer.
In combination with ion funnels, high ionization and transmission efficiencies can be
reached for electrosprayed ions [114]. Nanospray ionization, a variation on the
theme of electrospray, has drastically reduced consumption of matter, as flow rates
in the nanoliters per minute are required.

Other API ion sources appear particularly interesting, although they have not
been used for ion spectroscopy purposes. Atmospheric pressure photoionization
(APPI) is a method giving access to very hydrophobic compounds [115] and has
proven its potential in ionization of polycyclic hydrocarbons and fullerenes [116].
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Coupling the lon Sources with the X-Ray Beam

The main difficulty encountered when performing mass-selected ion spectroscopy
lies in the confinement of high-enough quantity of ion in a precise region of space
where the interaction with the incident X-ray photon beam will take place. Photon
sources of high brilliance are required for this kind of spectroscopy, such as delivered
by SR sources and FELs. Three different kinds of experimental arrangements have
been combined with SR and FELs to perform X-ray spectroscopy: crossed-beam,
merged-beam, and ion-trapping setups.

Historically, mass and charge-resolved action spectroscopy has been achieved
using the so-called merged-beam technique. This method was developed by Peart
and coworkers in the 1970s for the study of electron impact processes on atomic ions
[117]. Later on, the method was adapted to the study of photoionization processes
using synchrotron radiation by Lyon and coworkers using the Synchrotron Radiation
Source (SRS) at Daresbury, UK [118]. In merged-beam experiments, ions, produced
from a plasma ion source, for example, are accelerated, selected by a magnetic mass
filter, and merged over tens of centimeters with monochromatic photons from
synchrotron radiation beamlines. Ion current in the 1-100 nA is produced after
mass selection at keV kinetic energy. Both ion and photon beams are allowed to
interact over 50 cm or more, in the ps time range [119—121]. Figure 8.8 presents a
typical merged-beam setup, as found on the PLEIADES beamline at SOLEIL
[122]. Fairly high target densities are obtained, but relatively elevated background
is generated by collisions of the fast ions with residual background gases. The use of
ion-trapping devices for X-ray spectroscopy has brought an interesting and
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complementary alternative to merged-beam setup for atomic, cluster, and molecular
ion studies [106, 121, 123].

Photoelectron spectroscopy has appeared as a subsequent development of the
merged-beam setup, with the pioneering work of Bizau and coworkers at Super
ACO in the 1990s in the VUV [124, 125]. However, recently crossed-beam arrange-
ments have appeared at FLASH for photoelectron studies on anions in the VUV
[126] and soft X-ray range [50]. In this kind of arrangements, ion beam is crossed
with the FEL radiation from FLASH. The photoelectron distributions are measured
with a hemispherical electron analyzer, as shown in Fig. 8.9, and ions are time-of-
flight analyzed. By matching the ion acceleration and the delay-line detectors with
the FEL pulsing frame, photoelectrons can be assigned to a specific ion mass,
without upstream ion selection.

Ion traps are devices using a combination of electric and/or magnetic fields to
confine charged species in vacuum. These devices, widely used in various fields of
analytical mass spectrometry, have found applications in spectroscopy [72, 74,
127-129]. Several setups based on ion trapping have been used to probe ions in
the X-ray regimes, using Penning traps [106, 130, 131], Paul traps [73, 111, 132] or
linear ion traps [10, 109, 133].

Ion-trapping experiments complement advantageously the merged-beam tech-
niques. First, these devices can be associated with a variety of ion sources, such as
electron impact ionization in vapor phase, sputtering sources, laser desorption, or
electrospray ionization. Second, ion traps compensate for a lower amount of ions in
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the interaction region by longer interaction times, which may be extended up to tens
of seconds. Third, ion traps may be associated with other mass analyzers in hybrid
instruments, such as with time of flight or as stand-alone spectrometers. Finally, the
ability to repeat n-times the selection and activation steps opens up the possibility to
do successive tandem mass spectrometry (MS™).

The first coupling of an ion trap with synchrotron radiation was originally
reported in 1991 by Kravis and coworkers [134]. In this experiment, performed at
the National Synchrotron Light Source facility in Brookhaven (USA), the authors
investigated inner-shell photoionization and sequential ionization of atomic
dications produced by electron impact and stored in a Penning trap. In this
pioneering work, the incident radiation was not monochromatic, which complicated
the analysis of the results. The first coupling of ion-trapping devices with mono-
chromatic synchrotron radiation appeared almost simultaneously using a Penning
trap at Elettra (Italy) [106] and a linear ion trap at Bessy (Helmholtz-Zentrum
Berlin, Germany) [133]. In the Elettra experiment, a portable FT-ICR mass spec-
trometer (MICRA) was coupled to the gas-phase beamline [106]. Xenon radical
cations were produced by electron impact on xenon inside the trap and were
selected subsequently. Irradiation of these precursor ions with monochromatic
radiation in the extreme UV proved to be possible and is compared favorably
with merged-beam experiments. The MICRA mass spectrometer has very appeal-
ing capabilities. Its high mass resolving power of 73,000 may be very useful to
separate signal from the background. However, FT instruments suffer from lower
dynamics than ion-counting mass spectrometer, which makes detection limits
around 200 ions [131]. Nevertheless, the magnetic field used in Penning trap to
confine the ions has been elegantly used to perform X-ray magnetic circular
dichroism using the 7 T from the Bruker APEX mass spectrometer [131]. Fig-
ure 8.10 shows the setup, which was placed 4 m downstream the U52-PGM at
Bessy. Clusters were prepared by laser desorption on a rotating foils combined with
adiabatically expansion under vacuum of the clusters mixed with helium. XAS
measurements were performed with linear polarized radiation and XMCD with
circularly polarized radiation.

Alternatively, linear ion traps offer the advantage of higher detection dynamics
and higher column density, as interaction lengths up to 265 mm have been achieved
[109]. In this last setup, presented in Fig. 8.11, storage and irradiation take place in a
linear ion trap, and ion detection is achieved by a time of flight, giving a mass
resolving power of 300 in the Wiley—McLaren configuration and 1700 in the
reflectron configuration [109]. A similar coupling, based on a Paul trap and time-
of-flight detection of the ions, has been coupled to VUV and soft X-ray beamline [73,
132, 135, 136].

In 2012 Milosavljevic et al. [10, 137] reported the coupling of a commercial
linear ion trap with synchrotron radiation beamlines in the soft X-rays at the
SOLEIL synchrotron radiation facility, as shown in Fig. 8.12. This commercial
machine (LTQ XL from Thermo Finnigan) allows performing isolation, storage,
irradiation, and detection using the same linear ion trap device, making the system
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very compact. The quadrupole consists of rods with a hyperbolic profile, and each
rod is cut into three axial sections of 12, 37, and 12 mm length [138]. The ion
trapping is achieved by a combination of DC and RF fields applied to each rod. The
ion ejection is made through 0.25 mm height slots that had been cut along the
middle side electrodes. The ejected ions are converted using conversion dynodes
and the electron signal detected by two electron multipliers. Such ion ejection is
mandatory for the irradiation of the ion packet. This mass spectrometer is able to
reach a mass resolving power above 25,000 [139]. The LTQ from Thermo operates
in a helium gas bath at 107> mbar inside the trap, in contrast to the other
ion-trapping systems for which helium was pulsed to collisionally cool the ions.
Such a permanent helium pressure in the trap has been shown to lead to minor
evaporation of weakly bound clusters [112]. Another interesting feature of this
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commercial instrument is the availability of various ion sources, such as atmo-
spheric pressure chemical ionization (APCI), atmospheric pressure photoionization
(APPI), atmospheric pressure matrix-assisted laser desorption/ionization
(AP-MALDI), and electrospray ionization (ESI). Such a diversity of reliable ion
sources allows accessing a variety of targets, ranging from biomolecules
[140-144], weakly bound aggregates [145, 146], or clusters [112].
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5 Key Research Findings
5.1 Small Biomolecules

Gas-phase NEXAFS spectroscopy of biologically relevant molecules has attracted a
great deal of attention in recent years. The general idea is that gas-phase experiments
of relatively small molecules under very well-defined conditions can provide a
fundamental understanding of the structure and physicochemical properties of
certain compounds, as well as reliable data sets on their interactions with X-ray
irradiation. The latter can serve as a benchmark for theoretical modeling and,
hopefully, an extrapolation of the conclusions to real biological objects, thus
allowing modeling their interaction with X-rays. As an introduction to gas-phase
NEXAFS spectroscopy of large vital biopolymers such as DNA/RNA and proteins,
discussed in more detail later on, this subsection reviews recent results on bio-
molecules representing building blocks of biopolymers. These relatively small
molecules such as nucleobases and amino acids can be brought into the gas phase
by using simple thermal vaporization techniques (Sect. 4.3.1) and studied by inner-
shell spectroscopy. We also include a short paragraph (Sect. 5.1.2) reviewing recent
results on partial-ion-yield spectroscopy of small organic molecules, which is out of
scope of the present work. However, the experimental technique and the character-
istic ion yields are relevant to the X-ray absorption tandem mass spectrometry of
large biomolecules presented in Sect. 5.5.

5.1.1 Gas-Phase X-Ray Spectroscopy of DNA Components and Amino
Acids

Nucleic Acid Components

A number of studies on X-ray interaction with isolated DNA and RNA nucleobases
or with some of their derivatives have been reported so far, since a beam of free
nucleobases in the gas phase can be routinely formed using ovens and submitted to
tunable X-ray synchrotron radiation. A more detailed review on the recent progress
in the application of synchrotron-based spectroscopic techniques such as NEXAFS,
for the study of nucleic acids, can be found in Wu et al. [3].

Bolognesi et al. have performed both X-ray photoemission and NEXAFS spec-
troscopy of pyrimidine and halogenated pyrimidines, supported by calculations
[147-149]. The authors assigned and tabulated detailed N and C K-edge spectro-
scopic results, presenting core excitation energies obtained both from the experiment
and from the calculations, for pyrimidine and substituted pyrimidines. They have
shown that in fact all the carbon and nitrogen atoms in pyrimidine are affected by
halogenation due to the higher electronegativity of the halogen atoms compared to
substituted hydrogen. For example, a chemical shift of the n* core excitation to
higher energies at the substituted C atom due to an antiscreening effect has been
observed; also, the substitution of an H atom with a larger halogen atom induces a
chemical shift of the o* core excitation to lower energies due to an increase of the
bond length [148]. Moreover, using resonant Auger electron-ion coincidence
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spectroscopy, Bolognesi et al. [149] have shown that the fragmentation of pyrimi-
dine triggered by a resonant core excitation depends only on the final state of the
singly charged ion.

Comprehensive gas-phase core-level studies on other isolated nucleobases,
including cytosine, uracil, and guanine, as well as their derivatives, have also been
performed recently. Feyer, Plekan, and coauthors have investigated tautomerism in
cytosine, uracil, guanine, 4-hydroxypyrimidine, S-methyl-2-thiouracil, and
2-thiouracil [150—154]. They have shown, for example, that population of tautomers
in the gas phase can significantly vary over the nucleobases and that a substitution of
hydrogen by a halogen atom can strongly influence the dominance of particular
tautomer. It should be also noted that Hua et al. [155] performed first calculations of
the N 1s NEXAFS spectra of the guanine and cytosine nucleobases and their
tautomers in order to investigate the potential of NEXAFS analysis to study
hydrogen-bond structure in DNA.

Fragmentation of DNA components following core ionization has been also
investigated in the Kukk group using synchrotron radiation in combination with
coincident detection of energy-resolved electrons and mass-resolved ions. They have
investigated site-selective carbon core ionization of gas-phase pyrimidine deriva-
tives [156], thymine and uracil and its derivatives [157, 158], and even thymidine
[159], which is the only neutral nucleoside to be investigated by X-rays in vacuo due
to its higher vapor pressure. The use of coincident spectroscopy allowed authors to
resolve an intensity of specific fragmentation channels as a function of the initial
core ionization site and the correlation between the ionized site and the bond
breakage locations. Moreover, in the case of a more complex thymidine molecule,
the authors reported a strong difference between valence and core ionization-induced
fragmentation, demonstrating a specificity of X-ray interaction with biomolecules
[159]. Along the same line of research, the group also investigated fragmentation of
DNA and RNA sugars following C 1s and O 1s ionization [160].

Amino Acids

Gas-phase X-ray spectroscopy of amino acids has been attracting great deal of
attention in recent years, since these biomolecules are still small enough to be
brought into the gas phase relatively easily using classical temperature-controlled
ovens, in contrast to their polymers — peptides and proteins. Recent studies include
coincident X-ray spectroscopy [161-163], as well as both core-level photoemission
and C, N, and O K-edge NEXAFS spectroscopy [164-167].

NEXAFS spectroscopic studies of isolated gas-phase amino acids allow for an
investigation of inherent properties of these compounds, without intermolecular
interactions occurring in solid or solvated samples that inevitably influence their
electronic structure and physicochemical characteristics. On the other hand,
gas-phase NEXAFS spectroscopy of relatively short chains of amino acids
(peptides) also allows for a controlled study of the intramolecular interactions in
biopolymers defining their structure and properties. For example, Feyer et al. [164]
reported detailed comparison between NEXAFS spectra of isolated amino acid
glycine (Gly) and a corresponding dipeptide glycylglycine (see Fig. 8.13). The
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later study is important as investigating the influence of polymerization of amino
acids to the NEXAFS spectra. Figure 8.14 presents NEXAFS C, N, and O K-edge
spectra of Gly-Gly compared to Gly [164]. The calculated transitions are also
indicated in the same figure. The might of NEXAFS spectroscopy is that it is
chemically sensitive — the resonant transitions associated with different C, N, and
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O atoms (chemical shift) can be distinguished, which is particularly expressed in the
case of the resonant transition to 7*cy orbital either from N1 or N2. Moreover, the
dimerization of the molecule and its three-dimensional rearrangement also affect the
NEXAFS spectra, as with the internal hydrogen bonding between NH, and NH
groups, the resonance associated with the N1 1s — m*cy transition shifts with
respect to Gly by ~0.6 eV to a lower photon energy.

5.1.2 Partial-lon-Yield Spectroscopy of Small Biomolecules

The absorption of a soft X-ray photon by a relatively small gaseous molecule
produces a highly energetic core-excited state, which dominantly decays by a
nonradiative Auger process leading to molecular ionization and intensive fragmen-
tation due to the Coulomb repulsion [38]. Below the core ionization threshold, the
resonant photon absorption thus leads to an increased fragment ion yield, allowing
for NEXAFS action spectroscopy. Furthermore, the possibility to monitor the yield
of a selected ionic fragment as a function of the photon energy — the partial-ion-yield
spectroscopy [38, 168] — offers a number of advantages with respect to total electron
or total ion yield such as investigating channels that are highly selective with respect
to different types of resonances or detecting transitions otherwise hidden. This
method has been applied to study very interesting phenomena but, until recently,
only to small gaseous organic molecules such as formic acid [38] or phenol [169].

5.2 Clusters

Gas-phase clusters are a logical bridge between isolated species in the gas phase and
bulk materials. Inner-shell spectroscopy can provide deep insight into the electronic
structure of clusters thanks to its chemical specificity. The technique has proven to be
a very powerful tool for gas-phase spectroscopy and surface science, but its appli-
cation to clusters, either free or immobilized, is recent. For clusters, it is well known
that the bulk picture is at least partially inadequate. Indeed, in clusters a large part of
the atoms belong to the surface, where the electronic structure is different from the
rest of the material [170]. The study of cluster properties as a function of size
provides fundamental insights of importance in chemistry and physics. The first
observation of metal clusters in an ion trap was made by laser vaporization [171].

5.2.1 Atomic Clusters

Gas-phase optical spectroscopy of isolated clusters is not a trivial task. Measurement of
photon beam attenuation through dilute sample represents a straightforward mean of
accessing optical and magneto-optical properties of isolated cluster ions. Such mea-
surements have been reported for Mn" [172, 173] and silver cluster ions using cavity
ring-down spectroscopy [174, 175]. However, the so-called photon-trap method is
hitherto restricted to the near UV range. Using action spectroscopy, Lau and coworkers
have reported the first X-ray absorption of size-selected free metal clusters [109,
133]. This group has studied a variety of mass-selected atomic cluster ions produced
by a sputter-magnetron gas-aggregation source, such as titanium [133, 176], vanadium
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Fig. 8.15 X-ray absorption i
spectra of size-selected
titanium species, showing the
trend from isolated atomic ion
to bulk titanium (Reprinted
figure with permission from
Lau et al., Physical Review
Letters, 101, 153401 (2008)
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[131,133,176],cobalt[131, 133, 176], chromium [109, 176], manganese [176], silicon
[177, 178], iron [176], nickel [179], and niobium [I131]. Following X-ray
photoabsorption, the mass-selected clusters may decay through emission of Auger
electrons leading to multiply charged clusters, which, in turn, may further evaporate.
Monitoring of the product ion abundance as a function of the photon energy provides a
mean for measuring absorption spectra. X-ray action spectroscopy combined with mass
and charge-selected targets has been used to derive fundamental properties and trends
from the isolated atomic ion to increasing cluster size and up to the bulk. Inner-shell
electron binding energy spectraand HOMO-LUMO band gap have been measured for
doped silicon clusters [177]. Energy core-level shifts appear to be sensitive to the local
electron density and can lead to structural assignments. A comprehensive study on
metallic clusters on homonuclear 3d transition metal ranging from Ti to Ni and
composed of 1-200 atoms has been carried out at the 2p X-ray absorption edge, as
exemplified for titanium in Fig. 8.15.

In combination with an applied magnetic field, this powerful technique has
allowed X-ray magnetic circular dichroism (XMCD) spectroscopy to be performed
on mass-selected clusters [130, 131, 180—-182]. The feasibility of such implementa-
tion has been demonstrated on Co,," clusters [131]. Spin and angular momentum
could be determined for Co clusters composed of 822 atoms as a function of the
temperature [130]. The magnetism of Fe [180, 182], Co [182], and Ni [182] clusters
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has been investigated as a function of the number of constituting atoms. The effect of
a single impurity in silicon clusters could also be observed on magnetic
moments [181].

Photoelectron spectroscopy of isolated and mass-selected metallic clusters has
been recently reported using free-electron lasers, which allows compensating the low
target density with increased photon fluxes within the pulse. In a pioneering study at
FLASH in the VUV, the binding energy of 5d electrons of Pb cluster anions has been
measured as a function of size [126]. A metal to non-metal transition has been
evidenced, in agreement with previous theoretical calculations. Further refinement of
the electron spectrometer has allowed accessing higher photon energy in the soft
X-ray regime at 263.5 eV in Pb anionic clusters [50]. In contrast to valence-shell
ionization, inner-shell ionization produces a short-lived highly excited neutral. This
technique might provide information about the different relaxation dynamics of
valence and core-level holes.

5.2.2 Molecular Clusters

The fine structure of X-ray absorption spectra provides unique insights into the
electronic structure of molecular systems; core electron binding energies are
particularly sensitive to the local chemical environments (chemical shift). Efforts
in X-ray action spectroscopy of ionic clusters have been focused on atomic
clusters, and we are not aware of any studies of this kind for molecular clusters.
Ryding et al. [112] have studied ammonium bisulfate clusters at oxygen and
nitrogen 1s and at the sulfur 2p edges, as shown in Fig. 8.16, and at selected
stoichiometries, using the commercial linear ion trap system coupled to the PLE-
IADES beamline at the SOLEIL facility (described in Sect. 4.3). In this work,
careful analysis has allowed identifying X-ray-induced dissociation (XRID) from
collisionally activated dissociation. The ion trap used in this work operates at
relatively high helium pressure. Interestingly, XRID leads to loss of several
constituting units from the clusters. The effect of photoelectrons produced by
helium photoionization has been investigated and shown to be negligible. This
preliminary work has paved the way for the establishment of action spectroscopy
on mass-selected clusters as a general-purpose method for detailed structural
analysis of small molecular clusters. These species are of interest in atmospheric
chemistry for nucleation processes and represent model systems for hydrogen
bonds and intramolecular protolysis.

Daly and coworkers [183] have used ESI to produce silver-based nanoclusters in
the gas phase and studied the optical properties of this material using the SOLEIL
device coupled to a VUV beamline. Studies in the X-ray range of these clusters are
very likely to develop in a near future.

53 Nanoparticles

Nowadays, nanotechnologies are widespread in our daily lives. This has become
possible because even though syntheses of nanoparticles are complex, they can still
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Fig.8.16 Soft X-ray spectra for losses of increasing number of monomers from ammonium sulfate
A(AS)s" cluster around the sulfur 2p-edge (Reprinted with permission from Ryding
et al. [112]. Published by The Royal Society of Chemistry)

be transposed into mass production units. The final size and composition of
nanoparticles can be well tailored by their production processes, whether colloidal
or polymer chemistry [184, 185] or laser pyrolysis [186, 187] is used. Thus, using
the aerosols techniques to transfer them into gas phase does not need further size
selection, assuming that no agglomeration process is present in the solution.

As discussed above, one of the main benefits of studying free nanoparticles is the
avoidance of the influence of a substrate on their physical and chemical properties.
An additional reason is the possibility of running in situ measurements of
nanomaterials which can, for example, easily react with oxygen. A striking example
is given by the recent study on pre-fullerenic nanoparticles by Ravagnan
et al. [188]. This NEXAFS spectroscopy study on free carbon nanoparticles gener-
ated by a pulsed microplasma source clearly demonstrated, for the first time, the
presence of distinct sp hybridization resonance [78]. It may sound surprising that
only two recent studies in which special care was taken to avoid sample oxidation,
either by in situ measurement [189] or by transporting the sample under vacuum
[190], claimed the eventual presence of two distinct sp and sp® hybridization
resonances. By varying the time between the detection of electron and the discharge
in the plasma source, for which the NP size and structure evolve, Ravagnan
et al. demonstrated that the relative amount of sp and sp? bonds varies all along
the growth of the NPs. This discovery may have an important impact in fields such as
astrochemistry or combustion.
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A detailed review of free nanoparticles studied by soft X-ray synchrotron radia-
tion is given by Antonsson et al. [52], gathering all the studies done before 2013. We
will concentrate on the two studies of near-edge spectroscopy reported by the
authors.

The first study is on solid nanoparticles produced from a sprayed aqueous
solution of sodium sulfate. When drying, the droplets give rise to Glauber’s salts:
Na,S04.10H,0. This example highlights the ability of near-edge absorption spec-
troscopy in probing the local electronic structure of the absorbing atom. Indeed, if
the near-edge spectra of the sodium sulfate taken at the S 2p-edge (see Fig. 8.17)
display an identical structure to that obtained for the dry sodium sulfate [191], a shift
in photon energy of around 0.8 ¢V toward the higher photon energy is observed for
the Glauber’s salt structure. This could indicate a difference in the local chemical
environment of the absorbing sulfur atom between the dry and wet sample. More-
over, there exists a difference in shape of the feature at 181 eV, assigned to the S
2p — d shape resonance [192]. In the absorption spectra at the O 1s-edge, features
associated with bound oxygen in the sulfate group, as well as in crystalline water, are
present, but signatures of liquid water are also visible. All these findings are in favor
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Fig. 8.18 Near-edge absorption spectra at the S 2p-edge, for (b) pure ligand nanoparticles (see
text) and for (d) functionalized gold nanoparticles with lipoic acid (LA), according to the schematic
reaction depicted in (c¢) (Reprinted from Antonsson et al. (2013) Chemical Physics Letters, 559,
1 [52]. Copyright (2013), with permission from Elsevier)

of a higher number of water molecules than in pure Glauber’s salts. In addition, they
do not bind exclusively within the crystal water. Bonds with the sulfate group may
also exist, which induce the energy shift observed in the near-edge spectrum at the S
2p-edge. A very interesting point raised by the authors is that NaCl nanoparticles,
prepared in the same way, do not display strong evidence of water inclusion
[193]. Also, the in situ preparation of nanoparticles, by an atomization of a solution,
still conserves some of the properties of the solute.

The second study focuses on functionalized gold nanoparticles with mono- or
divalent thiol ligands and, more precisely, on how the ligands bind to the 47 nm +/—
10 nm gold nanoparticles. This work is in line with previous S 1s-edge NEXAFS and
XPS studies that demonstrate that dihydrolipoic acid is bonding with both sulfur
sites to gold nanoparticles [194, 195]. First, the absorption spectra of pure ligand
nanoparticles were recorded (see Fig. 8.18 a and b) for comparison to spectra
obtained with free functionalized gold nanoparticles (see Fig. 8.18 ¢ and d). Three
different thiols were selected for this study: lipoic acid (LA), dihydrolipoic acid
(DHLA), and 11-mercaptoundecanoic acid (11-MUDA). All the features for the pure
ligand nanoparticle spectra are in accordance with the previous work of Dezarnaud
et al. [196]. The peak at 163.3 eV corresponds to the S 2p3, — o* (S—S) transition,
which is why it can be observed only in the LA spectrum, and the most intense
feature of all the different spectra corresponds to a superposition of the S 2p,, — o*
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(C-S) and S 2p;/, — o* (C-S) transition. Even if the signal from the functionalized
nanoparticle (LA@Au) is lower than the pure ligand nanoparticle signal due to a low
density of ligand bound to the gold nanoparticles, interesting features in the spectra
can be seen. The authors report slight shifts of 0.15 eV and 0.30 eV toward higher
photon energies for 11-MUDA@Au and LA@Au, respectively, indicating chemical
bonding between the ligands and the nanoparticles. Moreover, the reaming feature
assigned to S 2p3/2 — sigma* (S-S), with a relative intensity identical to the one
obtained with pure nanoparticles of LA, indicates that the S-S distance remains
constant when lipoic acid is bound to the gold nanoparticle. With deeper analysis of
the spectrum, the authors estimate that DHLA ligand could be present up to 20 %.
With this study, the authors demonstrate that LA binds mostly as dithiolane to gold
nanoparticles, which is in agreement with previous studies made with other spec-
troscopic techniques [197, 198].

In these two examples, the authors demonstrated the possibilities and the sensi-
tivity of near-edge absorption spectroscopy when free nanoparticles are coupled with
soft x-ray radiation. The element and the surface selectivity of the soft X-ray regime,
coupled with near-edge absorption or photoemission studies, could play an impor-
tant role in improving knowledge of the physical chemistry occurring at the surface
of the nanoparticles. Even if the number of these studies to date remains still
marginal, in the framework of nanomaterial studies, it should increase rapidly, as
dedicated source and end stations are now available for users in several synchrotrons
[47, 52,79, 82, 84, 101].

5.4 Small lons

In their pioneer work, Kravis and coworkers have investigated photoionization of
dication of argon [134] and xenon [199] stored in a Penning trap. The doubly
charged precursor ions were formed by electron impact ionization of neutral gas in
the trap, stored, and photoionized by a broadband synchrotron radiation beam (white
beam) from a bending magnet. The distribution of photoion charge states following
K-shell photoionization could be measured and showed abundant sequential photo-
ionization as a function of the irradiation time. This technique has the potential of
producing highly charged ions.

The first reports of monochromatic photoionization on atomic ions were pro-
duced in parallel by Lau and coworkers on transition metal at Bessy synchrotron
[133] and by Thissen and coworkers on xenon radical ion at Elettra synchrotron
(Trieste) [106]. These studies have been extended to krypton ion at SOLEIL
synchrotron [121, 123], as well as 3d elements such as calcium and copper at
Bessy synchrotron [179]. Ion trap experiments showed the potential to offer control
on the initial state of the target ion, allowing photoionization studies on either
electronic ground state or on metastable species. This specificity complements nicely
previous merged-beam experiment, in which the use of electron cyclone resonance
sources produces a manifold of excited species [121, 200].
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5.5 Biopolymer lons

NEXAFS spectroscopy of large isolated gaseous biopolymer ions such as peptides,
proteins, and DNA has become possible only recently with development of ion trap-
based experiments (see Sect. 4). The method consists of coupling an ion trap with
brilliant third-generation soft X-ray synchrotron sources, allowing to reach both a
sufficient target density and preservation of the ion packet for a sufficient time (for
more details and an extended reference list on the coupling of an ion trap mass
spectrometer with a synchrotron photon beam, see a recent review article by Giuliani
et al. [72]). Large biopolymers are introduced into the gas phase by use of modern
ionization techniques such as electrospray ionization (ESI) (see Sect. 4).

Ion traps allow performing tandem mass spectrometry at the nth level. Therefore,
the NEXAFS spectroscopy of a particular precursor is actually performed as an
action spectroscopy, by collecting tandem mass spectra as a function of the activa-
tion photon energy (see Sect. 4.2.4).

The results represent a number of tandem mass spectra recorded as a function of
the photon energy scanned over C, N, or O K-edge in small steps. The NEXAFS
partial ion yields are finally obtained after normalization to the total ion current and
the photon flux.

Two experimental setups coupling ion traps with SR have been developed more
or less at the same time (see [72] for more details): Schlatholter and coworkers have
developed a setup that couples a Paul ion trap with the SR and using a time-of-flight
(ToF) analysis of the ionic products [135], and Giuliani and coworkers have devel-
oped a setup based upon coupling of a linear quadrupole ion trap mass spectrometer
(“Thermo Scientific LTQ XL”), equipped with ESI and nano-ESI probes, with SR
[143, 144]. In this section, we review recent results from NEXAFS action spectros-
copy of large biopolymer ions, namely, peptides, proteins, oligonucleotides, and
polycyclic aromatic hydrocarbons (PAHs).

5.5.1 Peptides

Gonzalez-Magaiia and coauthors have reported a pioneering study on the dissocia-
tion of the gas-phase protonated peptide leucine-enkephalin (Leu-Enk) [YGGFL +
H]" ion upon soft X-ray absorption in the vicinity of the C K-edge [73]. The
experiment has been performed by coupling a Paul ion trap with a SR beamline
and by recording tandem mass spectra as a function of the X-ray energy. From the
MS? spectra both the total photoabsorption yield and the partial ion yields of specific
fragments have been extracted and discussed. The authors named the technique as
near-edge X-ray absorption mass spectrometry (NEXAMS), since it corresponds to
NEXAFS spectrometry performed on condensed phase targets. Except that
NEXAMS is performed on gas-phase species, the advantage of incorporating the
mass spectrometry into the method allows the study of resonant core excitations and
core ionizations with respect to fragment specificity, i.e., specific bond breaking (see
Fig. 8.19). The authors could distinguish specific electronic transitions, such as C
Is — ©* excitations in aromatics at 284.4 eV or C 1s — w*-_p transitions
corresponding to amide group along the peptide backbone at 288.4 eV. They could
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Fig. 8.19 Near-edge X-ray absorption mass spectrometry of a gas-phase protonated peptide
leucine-enkephalin [YGGFL+H]" (Reprinted with permission from O. Gonzalez-Magafia
et al. (2009) The journal of physical chemistry. A, 116, 10745 [73]. Copyright (2012) American
Chemical Society)

also correlate specific transitions to specific fragmentation channels and fragmenta-
tion intensity. Interestingly, it has been found that excitations in the aromatic side
chains lead to relatively little fragmentation in comparison with such excitations
along the peptide backbone. It should be also pointed out that the study reported by
Gonzalez-Magaiia and coauthors [73] clearly shows an intensive fragmentation of a
relatively short peptide chain (a pentapeptide) upon soft X-ray absorption, similarly
as found for its constituents — the isolated amino acids (see Sect. 5.1.1). However,
this is in contrast to the larger polymer, proteins [10], and will be discussed below.

We have recently studied NEXAMS of protonated substance P peptide (Arg-Pro-
Lys-Pro-GIn-GlIn-Phe-Phe-Gly-Leu-Met-NH,), as well as its nanosolvation by a
controlled amount of water molecules produced by nanospray ionization using a
linear ion trap coupled with the PLEIADES beamline (Giuliani et al., fo be
published). Preliminary results suggest that yield of specific fragments can be
strongly dependent on the location where photon energy is injected, i.e., on C, N,
or O atoms. Moreover, upon nanosolvation, the 1s excitation of oxygen atoms
related to water cluster seems to become very intensive process leading to abundant
water evaporation. Gas-phase NEXAFS of such systems allows distinguishing
characteristic resonances.

5.5.2 Proteins

To our knowledge, the first near-K-edge X-ray spectroscopy of a protein isolated in
the gas phase has been reported by Milosavljevic et al. in 2012 [10]. Using the
coupling of a linear ion trap with the PLEIADES soft X-ray beamline at the SOLEIL
synchrotron facility, we have performed C, N, and O near-edge ion yield
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Fig. 8.20 Tandem ESI/photoionization mass spectrum of 8+ (m/z 1546) ions of cytochrome c
protein from equine heart, obtained after 600 ms of irradiation at a photon energy of 292 eV
(Reproduced from Milosavljevié et al. [10]). The inset shows a zoom in the mass regions around 9+
(m/z 1374) and 10+ (m/z 1237) charge states, normalized to the same dominant peak intensity. The
arrows mark the peaks’ separations of about m/z 4.9 &+ 0.1 and 4.5 &+ 0.3 for the 9+ and 10+
channels, respectively, corresponding to 44 Da, tentatively assigned to CO, loss (Reprinted with
permission from Milosavljevi¢ et al., The Journal of Physical Chemistry Letters (2012) 3, 1191
[10]. Copyright (2012) American Chemical Society)

spectroscopy of 8+ electrosprayed cations of cytochrome ¢ protein (about 12 kDa).
The tandem mass spectra were recorded for defined photon energies that were
changed in small steps below and above the 1s core ionization thresholds.

Figure 8.20 shows a tandem ESI/photoionization mass spectrum of 8+ charge
state of cytochrome ¢ protein recorded at the photon energy of 292 eV. Interestingly,
the protein ion appeared to be drastically less prone to fragmentation upon soft X-ray
irradiation in comparison with amino acids (Sect. 5.1.1) and peptides (Sect. 5.5.1).
Indeed, the main relaxation channels represent single and multiple ionization (elec-
tron ejection) accompanied with small neutral losses, which have been tentatively
assigned to CO, losses according to the m/z difference, although it could also
correspond to detachment of neutral amino acid residues. The ejected electrons
from the Auger process can further trigger radiation damage [201].

Figure 8.21 shows the spectroscopy of the selected 8+ charge state precursor of
the cytochrome ¢ protein over the C, N, and O K-edges [10]. As explained above, the
single precursor ionization can be exclusively a result of the resonant Auger decay
upon core ls electron resonant excitations. Indeed, the partial ion yields that
correspond to the single ionization (blue circles in Fig. 8.21a—c) reveal spectral
features that perfectly correspond to the NEXAFS data obtained from thin organic
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protein films [6, 7, 202]. In the C 1s energy domain, the peak at about 285.5 eV
(denoted as A in Fig. 8.21a) can be clearly assigned to the C 1s — n* transitions
associated with the aromatic rings of amino acid residues. Furthermore, the next
closely lying shoulder at about 286.05 (denoted by an arrow in Fig. 8.21) has been
assigned to C 1s(C — R) — w*c_c of the Trp residue [6]. The structure at 287.0 eV
can be assigned to 6*c_y resonance. The strong peak at 288.3 eV (denoted as B in
Fig. 8.21a) has been assigned to the C 1s — 7*,,,;4c transition. The energy position
of the later structure is in perfect agreement with the previously reported values for
NEXAFS spectroscopy on thin film of proteins (albumin, fibrinogen, lysozyme,
ovalbumin, collagen) [6, 7]. However, interestingly, the relative intensity of this
transition appeared to be much lower than expected. Indeed, the peaks
corresponding to a C 1s — ©n*,,iq transition, as by a rule, dominate the NEXAFS
spectra of solid protein samples, peptides, and amino acids. The lower intensity can
be thus either a specificity that corresponds to the spectroscopy of large gaseous and
multiply charged biopolymer ions or an experimental artifact. The authors
suggested that an experimental influence could be due to carbon pollution of the
different optical elements of the SR beamline [10], which induces a very low photon
flux around the C 1s absorption edge (the so-called carbon deep), which was
difficult to handle in the data treatment. This possibility is also supported by the
fact that corresponding N and O 1s — 7*,.,;4c transitions are dominant, as
expected; moreover, the same was measured for the C K-edge for other trapped
protein ions in further experiments, after cleaning the photon optics (see Fig. 8.22).
The broad feature centered at about 293 eV (denoted as C in Fig. 8.21) is due to the
overlap of various transitions, mainly associated with the o* resonance (C—C,
C—N, C-0, etc.) and dominantly related to valence and Rydberg transitions of
amino acid residues merging into a broad band. Single-ionization spectra over the N
Isand O 1s K-edges are also very similar to previous NEXAFS data on proteins and
polypeptides. The 1s — 7*,iqe [1s — T*c—o(C = ONH)] transitions centered at
about 401.4 eVand 531.4 eV for N and O s, respectively, dominate the spectra.

The experimental results by Milosavljevic et al. [10] have shown that ions of large
biopolymers, such as proteins, can be investigated by means of the powerful
NEXAFS spectroscopy method, isolated under well-defined conditions in the gas
phase. For example, the typical resonant transitions have been well resolved by using
the present method, directly pointing to the primary protein structure, in line with
previous solid film NEXAFS studies. But at the same time, the present technique
avoids the drawbacks related to NEXAFS spectroscopy on thin organic films and
liquids, such as radiation damage occurring in condensed matter samples and an
uncontrolled influence of the environmental effects in the case of studying con-
densed crystalline or aqueous samples.

<<
«

Fig. 8.21 Single, double, and total C, N, and O K-edge photoionization yields of the 8+ charge
state precursor of equine cytochrome c protein (Reprinted with permission from Milosavljevi¢ et al.,
The Journal of Physical Chemistry Letters (2012) 3, 1191 [10]. Copyright (2012) American
Chemical Society)
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It is interesting to note that the gas-phase NEXAFS spectra of an isolated multiply
protonated (8+) protein agree perfectly with NEXAFS spectroscopy on neutral thin-
film protein samples. This may seem in contrast with previous microjet studies on
solvated amino acids (protein building blocks), where the changing of solution pH
(thus protonation/deprotonation of the biomolecule under study) has shown to affect
significantly the NEXAFS resonant lines [203-205]. However, one should keep in
mind that in the present case of a large gaseous protein ion, only a few protonated
amino acids (according to the charge state) inside the precursor actually contribute to
a possible chemical shift of the resonant transition; and resonant energy is addition-
ally smeared out due to the contribution from different C atoms, with respect to their
distance from the protonation site. Therefore, the overall effect can be negligible.
Indeed, this is shown in more recent measurements for different charge states of
ubiquitin protein [13]. Figure 8.22 presents single- and double-ionization yields of
the 5+ and 9+ protonated precursors of ubiquitin. The experiment was performed by
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coupling a commercial linear LTQ XL ion trap to the soft X-ray beamline PLEIA-
DES at the SOLEIL synchrotron facility. For both charge state precursors (5 and 9),
the ionization yields show the characteristic NEXAFS features corresponding to the
C 1Is — w* transitions in the aromatic amino acids at about 285.5 eV and the strong
peak at 288.3 eV due to the C 1s — 7*,,iqc transitions in the peptide backbone.
Clearly, these resonant excitation energies appear to be the same for both charge
states, even though the level of protonation is significantly different.

The fact that the resonant core 1s transition energies to frontier molecular orbitals of
a large protein are not affected by its protonation appears to be even more interesting if
we consider the ternary structure of the protein. Actually, the protonation can alter its
structural arrangement if the protein is free to unfold, as a consequence of minimizing
the potential energy of the system [142]. Particularly, the 5+ protonated ubiquitin ion in
the gas phase is still dominantly folded, while the increase of protonation to 9+ induces
the unfolding of the protein [142]. Therefore, the tertiary structure of the 5+ ubiquitin
precursor is drastically different from the 9+ precursor. On the other hand, there is no
measurable difference in their C K-edge excitation to the molecular * orbitals asso-
ciated with aromatics and the peptide backbone. Since the core 1s electron is localized
in the vicinity of the C atom, the present experiment shows that the frontier protein
orbitals also appear to be rather localized and do not depend strongly on the tertiary
protein structure.

Double-ionization yields of both precursors presented in Fig. 8.22 seem to exactly
follow the shape of the corresponding single-ionization yields below the core
ionization threshold. This confirms that double ionization below the threshold is
due to the multiple resonant Auger decay — the relaxation of the core-excited species
preceded by ejection of two Auger electrons. But, since the process is triggered by
the same electronic transition, the spectroscopic signature is the same, as seen in
Fig. 8.22. Nevertheless, above the threshold the 1s electron is directly ejected into
the vacuum, and normal Auger decay becomes operative, thus reducing drastically
single-ionization events on behalf of the double ionization. Therefore, the double-
ionization yield allows determination of the K-edge ionization threshold of a protein
under study. It is interesting to note that, in contrast to the resonant excitation, the 1s
threshold energies do depend on the precursor charge state. Clearly, the ionization
energy of the 9+ precursor is shifted upwards with respect to the 5+ one. However,
the shift should not be the consequence of the change in the electronic structure. In
the case of the protonated (positively charged) target, the departing electron also
needs to overcome the Coulomb barrier, which depends both on the protonation
level and the protein ternary structure [142].

5.5.3 Oligonucleotides

Gonzalez-Magaiia et al. [132] have investigated photon-induced fragmentation of
protonated oligonucleotides in a large energy domain from 30 eV to 600 eV. The
precursors under study were doubly protonated oligonucleotides [dGCAT + 2H]*"
or [dGTAT + 2H]2+ (the letters G, C, A, and T denoting the nucleobases guanine,
cytosine, adenine, and thymine, respectively), which were isolated in a Paul trap and
submitted to either soft X-ray radiation or the highly charged ions [132]. In this way,
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the authors aimed at performing a systematic study on differences and similarities
between ion- and photon-induced excitation and fragmentation mechanisms in
DNA. They found qualitatively similar fragmentation patterns for both types of
projectiles (ions and energetic X-ray photons). The measured fragmentation patterns
revealed that nucleobases appeared to be rather stable, while deoxyribose fragments
dominated the spectra.

The relative photoabsorption cross sections, as well as the photofragmentation
yields for protonated and nonprotonated nucleobases spanning over a wide photon
energy range, clearly show an expected increased ion production in the vicinity of C
and N core 1s ionization thresholds, as a consequence of the inner-shell core formation
triggering the Auger processes. However, the energy step was too coarse for fine near
K-edge spectroscopic structures to be studied. Still, the authors could compare the
yields of protonated and nonprotonated nucleobases as a function of the photon energy.
Interestingly, they found that the ratio between protonated and nonprotonated yields
depends strongly on ion velocity and photon energy. For example, a significant increase
of the yield of protonated bases relative to the nonprotonated fragments is measured at
resonant 1s excitation of the molecule (see Fig. 8.23).
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5.5.4 Polycyclic Aromatic Hydrocarbons

Gas-phase polycyclic aromatic hydrocarbons (PAHs) have been also investigated by
means of near-edge X-ray absorption mass spectrometry [111, 206, 207]. The PAHs
are of great interest in many research fields such as astrochemistry/astrophysics and
combustion and analytical chemistry [111]. Moreover, the investigation of the
electronic properties of PAHs and the influence of certain processes such as hydro-
genation to the electronic structure, under well-defined conditions, may be relevant
for both the fundamental and applied nanosciences.

The experiments of Reitsma et al. [111, 207] have been performed by coupling an
ion trap time-of-flight (ToF) instrument with the soft X-ray beamline U49/2-
PGM1 at the BESSY II synchrotron facility. The ions were produced by an ESI,
trapped in an RF Paul trap, and the product ions were analyzed using ToF. The
authors have investigated the photoexcitation, photoionization, and photodissocia-
tion of gas-phase coronene cations C,4H;>" upon soft X-ray absorption in the C
K-edge region. The relaxation of superhydrogenated gas-phase coronene cation
upon resonant carbon (1s) — n* transition at 285 eV was investigated by means
of NEXAMS and compared to calculations [207]. The results allowed for postulat-
ing the effect of superhydrogenation on the ionization and fragmentation of PAHs. It
has been found that superhydrogenation acts as a buffer that protects PAH molecules
against X-ray-induced destruction. NEXAMS of coronene is further investigated by
the same authors in more details [111]. NEXAMS spectra for a number of different
fragmentation channels, resulting from the inner-shell excitation or ionization of the
coronene precursor C,4H,", were presented. The excitation of the carbon Is
electron triggers the Auger process that leads to the formation of intermediate
vibrationally excited Co4H»*" and CyuH;,>" cations that can relax by means of
ejecting H atoms. Figure 8.24 presents NEXAMS spectra for different coronene
dications as a function of the number of H atoms lost [111]. Figure 8.24 shows that
while the formation of intact dications is mainly triggered by C 1s — 7 transition at
about 285 eV, the formation of dications that lose 2, 4, and 6 H atoms occurs also at
higher photon energies, as a consequence of different resonant processes that can be
associated to 6* and Rydberg transitions. Moreover, the dications that lost H atoms
can be detected even above the core ionization threshold.

It should be noted that the gas-phase NEXAFS spectroscopy of neutral PAH
molecules has been reported, as well [206]. In their experiment, Fronzoni et al. [206]
used a custom-built resistively heated furnace made of stainless steel to sublimate
PAH samples into the vacuum chamber. The authors could regulate the sublimation
temperature and monitor the vaporization by measuring the valence photoelectron
spectrum of the heated sample. The experimental setup was based on a crossed
photon/molecular beam arrangement, allowing the core-level photoelectron spec-
troscopy. The measurements were performed at the gas-phase photoemission
(GAPH) beamline at Elettra synchrotron using a VG 150 mm hemispherical elec-
trostatic analyzer. The reported work represents a combination of experimental and
theoretical study of the Cls NEXAFS and X-ray photoelectron spectroscopy
allowing for a detailed investigation of the vibronic coupling in PAHs and the role
of this effect in such systems.
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Fig. 8.24 NEXAMS spectra for C,,H; 5" (a), Co4Hyo" (b), Co4Hg' (€), and C,4Hg" (d), illustrating
the strong dependence of the dehydrogenation on the photon energy (Reprinted with permission
from Reitsma et al. (2012) The Journal of chemical physics, 142, 024308 [111]. Copyright (2012),
AIP Publishing LLC)

6 Conclusions and Perspectives

In recent years, the gap between NEXAFS spectroscopy studies of condensed and
gas-phase matter has been shrinking. Indeed, the development of techniques allowing
placement of intact species of increasing size and complexity in the gas phase has
emerged, allowing study of polymers or nanoparticles. More recently, the advent of
ion-trapping experiments has opened up a new area in the study of mass-selected targets.

In this chapter, we have reviewed novel experimental methods allowing perfor-
mance of gas-phase NEXAFS spectroscopy of large complex species. The chapter
includes a short presentation of SR sources that can provide a high-brilliance X-ray
photon beam. The inner-shell studies of diluted matter are extremely photon demand-
ing, particularly in the case of large particles that can be collected in the gas phase with
extremely low partial pressures. Therefore, development of new-generation X-ray SR
sources was a necessary step needed to perform such studies. The chapter further
includes descriptions of general techniques used to perform inner-shell studies, with a
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particular focus on X-ray action spectroscopy. Indeed, the more recent methods based
on action spectroscopy offer significant improvements regarding both the sensitivity
and selectivity of the technique in the case of low-density complex targets. We have
also described novel techniques for sources of gas-phase targets, as well as experi-
mental setups coupling the sources of large gas-phase targets with an X-ray beam.
Finally, we review results spanning from relatively small metallic and organic molec-
ular ions, over isolated DNA basis and amino acids representing building blocks of
large biopolymers and finally including full proteins and molecular clusters.

In the present chapter, we also review the results on gas-phase NEXAFS spec-
troscopy of nanoparticles. Nanoparticles play an important role in our everyday
lives, and in order to obtain the maximum amount of useful information on one
specific system, spectroscopic and imaging techniques are often used in parallel. It
has been shown that under-vacuum beams of nanoparticle have the advantages of
preserving the integrity of the targets, as well as cancelling any detrimental influence
of the substrate on the physical properties of the nanosystem, but also the advantage
of removing any aging problem as the sample is continuously renewed. Even if the
density of nanoparticles remains low in the beam, near-edge absorption spectroscopy
can be performed. Moreover, it offers a mean to probe functionalized free
nanoparticles where a sub-monolayer of ligands is attached to the particle. It is
important to note that another way to introduce nanoparticles under vacuum is to
couple the spectrometers with a liquid microjet, in which a solution containing
nanoparticles forms a jet under vacuum through a capillary. The liquid jet then
intercepts the synchrotron beam inside the spectrometer chamber, following which
the electrons created can be analyzed [208, 209]. A recent review on the different
experiments performed on nanoparticles can be found in Brown et al. [210], and this
clearly highlights the capabilities of this complementary technique in tackling
different questions regarding the nanoparticle/liquid interface. Moreover, wide vari-
eties of different kinds of nanoparticles can be studied, from multilayered to
functionalized or homogeneous nanoparticles. In addition, different synchrotrons
are now offering liquid microjet sources or even dedicated end stations [211-213].

The variety of samples that will be accessible to X-ray spectroscopy will undoubt-
edly increase in the forthcoming years. Indeed, analytical chemists have developed a
wide range of ionization techniques, such as atmospheric pressure MALDI, and
atmospheric pressure photoionization or ASAP probe, from which the atomic and
molecular community can profit. The current tendency is to increase the control on the
target. The benefit of mass and charge-selected spectroscopy has allowed to gradually
bridge the gap between the isolated atomic ion up to the bulk through the study of
continuously controlled cluster composition. For biomolecules, the effect of the charge
state on the spectroscopic properties could be evidenced for the first time. However,
control on the mass and charge may not be sufficient, and conformation-specific
experiments could be necessary. It is very likely that in the near future, experiments
will combine mass-selected targets using ion traps in combination with ion mobility to
reach conformationally selected targets. Thus, further studies will allow for reaching
unprecedented control of the target to gain deeper understanding of the physicochem-
ical and structural properties of complex systems.
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